Synthetic single-stranded DNA oligonucleotides (ssODNs) can be used to generate subtle genetic modifications in eukaryotic and prokaryotic cells without the requirement for prior generation of DNA double-stranded breaks. However, DNA mismatch repair (MMR) suppresses the efficiency of gene modification by >100-fold. Here we present a commercially available ssODN design that evades MMR and enables subtle gene modification in MMR-proficient cells. The presence of locked nucleic acids (LNAs) in the ssODNs at mismatching bases, or also at directly adjacent bases, allowed 1-, 2-, or 3-bp substitutions in MMR-proficient mouse embryonic stem cells as effectively as in MMR-deficient cells. Additionally, in MMR-proficient Escherichia coli, LNA modification of the ssODNs enabled effective single-base-pair substitution. In vitro, LNA modification of mismatches precluded binding of purified E. coli MMR protein MutS. These findings make ssODN-directed gene modification particularly well suited for applications that require the evaluation of a large number of sequence variants with an easy selectable phenotype.
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subtle gene modification | DNA mismatch repair | locked nucleic acid | single-stranded oligonucleotides | embryonic stem cells S ince the rapid decline in genome sequencing costs and the accumulation of data from genome-wide association studies, thousands of single-nucleotide variations in disease-related genes have been identified. One approach to functionally investigate these variants of uncertain clinical significance is to introduce them into the endogenous gene of appropriate model systems that are readily accessible to phenotypic assessment. Recently developed protocols for subtle gene modification are based on templatedirected repair of DNA double-strand breaks (DSBs) that are site-specifically introduced by zinc-finger, TALE, or RNA-directed Cas9 nucleases (1) . In particular, subtle mutations can effectively be introduced by single-stranded DNA oligonucleotides (ssODNs) carrying the modification of interest that serve as templates for the repair of CRISPR/Cas9-introduced DSBs (2) . Several laboratories, including ours, have previously shown that ssODNs can also be used for subtle gene modification in the absence of DSBs. Although less efficient than nuclease-assisted gene modification, oligonucleotide-directed gene modification (also referred to as "oligo targeting") is attractive due to its lack of additional components, simplicity, and cost-effectiveness, especially in cases where the consequences of the planned modifications can be scored by a selectable or easily detectable phenotype.
Different models have been proposed for the mechanism of oligo targeting (reviewed in ref. 3) . Substantial evidence has been obtained that gene modification takes place during DNA replication (4) (5) (6) (7) . In this model, the ssODN anneals to singlestranded DNA in the replication fork, where it can serve as a primer for DNA synthesis by replicative polymerases (8) . This process thus physically incorporates the ssODN and delivers the mutation to only one of the DNA strands (7, 9) . Consistent with this view, thymidine and hydroxyurea-compounds that reduce the speed of replication-had a positive effect on targeting efficiencies, whereas replication arrest suppressed the targeting efficiency (10, 11) .
In Escherichia coli, oligo targeting is strongly promoted by the bacteriophage λ-red-mediated recombination system (12) (13) (14) . The phage-encoded Beta protein can bind oligonucleotides >35 nucleotides (nt) in length, thereby providing protection from degradation and promoting annealing to complementary singlestranded DNA (15) (16) (17) (18) (19) .
In mammalian, yeast, and prokaryotic cell systems, it has unequivocally been demonstrated that the DNA mismatch repair (MMR) system has a strong suppressive effect on oligo targeting efficiencies (14, 20, 21) . Disabling the MMR system through disruption of the key MMR gene Msh2 increased the targeting efficiency up to 700-fold in mouse embryonic stem cells (mESCs) (20) .
In an E. coli mutS-deficient strain, oligo targeting was up to 500-fold more effective than in MMR-proficient bacteria (14) . Apparently, the mismatch that is created by annealing of the ssODN to its chromosomal complement creates a mismatch that is recognized by the MMR system. Mismatch recognition elicits a repair reaction that prevents incorporation of the oligonucleotide and aborts the gene modification reaction. Inconveniently, however, MMR deficiency results in the gradual accumulation of undesired mutations over time and may thus lead to secondary effects (22) (23) (24) (25) (26) . Procedures that transiently suppress MMR-e.g., by using RNA interference (27, 28) or temperature-sensitive mutS and mutL mutants (29)-can create a short time window of MMR deficiency
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that enables effective subtle gene modification. Nevertheless, the accumulation of undefined mutations cannot be totally avoided and may confound the phenotype of the mutation under study (28) .
An attractive solution to this problem is to avoid the action of MMR exclusively at the site of the targeted base substitution. Previous work in this direction has demonstrated that base analogs in ssODNs at the site of the substitutions can partially evade MMR in E. coli and in HeLa cells (30, 31) . Thus far, the use of 2′-fluorouracil and 2-aminopurine yielded a twofold increased efficacy of substitutions to T and A, respectively, in MMR-proficient HeLa cells (31) .
Here we present an ssODN design that allows complete evasion of MMR irrespective of the type of substitution. We demonstrate that inclusion of locked nucleic acids (LNAs) in the ssODNs at mismatching bases only, or also at directly adjacent bases, allows effective oligo targeting in MMR-proficient cells. LNA nucleotides contain a modified sugar residue with an additional 2′-C,4′-C-oxymethylene linker that confines the ribose ring to the 3′-endo conformation (32, 33) . DNA:LNA duplexes demonstrate an increased stability and are more resistant to nucleases (34, 35) . We report that LNA-modified ssODNs (LMOs) yielded equal efficiencies in MMR-proficient and -deficient mESCs for the substitution of one to three bases. For single-and four-nucleotide insertions in mESCs, we found partial evasion of MMR by LMO designs. We also analyzed the LMO design for generating single-nucleotide substitutions in E. coli and found that LMO efficiencies were independent of MMR status. Finally, we demonstrate that LNA modification renders a mismatch invisible to the MMR system. (20) . The efficiency of a 35-nt ssODN designed to generate a single A-to-T substitution that restores the start codon and thereby confers G418 resistance was strongly suppressed by DNA MMR ( Fig. 1;  ref. 20) . Remarkably, we found that a single LNA modification at the mismatching nucleotide in the ssODN resulted in an efficiency of ∼5 × 10 −5 in both Msh2 −/− and Msh2 +/+ cells (Fig. 1) . The equal efficiencies in MMR-proficient and -deficient cells indicate that a single LNA modification was sufficient to overcome the suppressive effect of MMR. An LMO with LNAs flanking the mismatch evaded MMR as well and yielded an efficiency of ∼9 × 10 −5 . Three consecutive LNAs (at and flanking the mismatching base) also evaded MMR, whereas positioning LNAs at the 5′ and 3′ termini of the ssODN had no effect. We conclude that LNA modification at or in the direct vicinity of the mismatching nucleotide was required for MMR evasion.
Results

LNA
LMO Design for 2-and 3-bp Substitutions. Next, we assessed the effectiveness of LMOs for multiple substitutions. We started with evaluating the efficiency of eight LMOs designed to generate a start codon by substituting two consecutive nucleotides and that contained one, two, or four LNAs at variable positions ( Fig. 2A) .
We found that for 2-bp substitutions in Msh2 +/+ cells, two LNA modifications, of which at least one should be located at a mismatching base, were necessary to effectively evade MMR (Fig. 2B ). An efficiency of 3.6 × 10 −5 was reached with an LMO that contained four LNA modifications positioned at and adjacent to the mismatching bases. Furthermore, we designed two LMOs that were intended to generate two substitutions spaced by one base. One substitution restored the defective start codon, whereas the other replaced the first position of the second codon. Both LMOs, either containing two LNA nucleotides at the mismatching bases or five consecutive LNAs, were equally efficient in Msh2 −/− and Msh2
cells. Although these LMO designs successfully evaded MMR, we recognized that the efficiency reached was twofold to threefold reduced in comparison with the unmodified ssODN in Msh2 −/− cells. Finally, we explored the applicability of LMOs for the substitution of an entire codon in MMR-proficient cells. We designed three sets of LMOs, each generating a novel start codon by substituting three consecutive bases (Fig. S1 ). In two of the three codon substitutions made, we found that LNAs at the three mismatching bases led to equal efficiencies in Msh2 −/− and Msh2
cells. In one case, the presence of three consecutive LNA modifications was not sufficient, but for all three sets, we found that five LNAs placed at the three modifying bases plus the two adjacent bases completely evaded MMR (Fig. S1 ). We report that ssODNs containing strategically placed LNA nucleotides at mismatching bases enables single, double, and triple base-pair substitutions in MMR-proficient cells with equal efficiencies as in cells lacking a key MMR protein.
Partial Evasion of MMR by LMOs for Insertions of 1 and 4 bp. We have previously shown that nucleotide insertions can be achieved by ssODNs as well (20, 36) . However, MMR needed to be abrogated because short loops of extrahelical nucleotides are subject to MMR. Loops of 1 and 2 nt are predominantly recognized by the MSH2-MSH6 heterodimer (37), whereas MSH2-MSH3 has a higher affinity for loops of 2-5 nt (38) . Hence, the introduction of small insertions by ssODNs was suppressed in MMR-proficient cells (20, 36) .
To test whether we could use LMOs for the generation of small insertions, we used a second neo reporter in which the start codon was rendered out of frame by a 2-bp GT insertion. Two sets of LMOs were designed that could restore the neo ORF by insertion of one or four bases, respectively. For the insertion of a single base pair, we found that placement of LNA nucleotides flanking the inserted base increased the frequency of gene modification in MMR-proficient cells 450-fold (Fig. 3B) . The benefit was less pronounced when the inserted base also contained an LNA modification. As previously shown, an unmodified ssODN that inserted four bases was already effective at 0.6 × 10 −5 in MMR-proficient cells, indicating that four extrahelical nucleotides were less well recognized by the MMR system. Nonetheless, we observed an approximately threefold efficiency increase for an LMO with LNA nucleotides flanking the insertion (Fig. 3C) . Again, no further benefit was observed when the inserted nucleotides were LNA modified. Together, LMOs can be used for nucleotide insertions in MMR-proficient cells. However, they only partially evaded MMR as they were twofold to fourfold less effective than in Msh2 −/− cells (Fig. 3) .
Improving Targeting Efficiencies in mESCs. After establishing MMR evasion using LMOs, we evaluated whether these LMOs would benefit from further protocol optimization. First, we found that the use of an alternative transfection reagent, TransIT-Siquest (Mirus), increased targeting efficiencies approximately threefold. Second, we determined the optimal length of LMOs for singlenucleotide substitutions in Msh2 +/+ cells. Although we previously found 35 nt to be optimal for unmodified ssODNs (11), we now found an optimum at 25 nt, reaching an efficiency of 1.5 × 10 −3 (Fig. 4A) . Third, because of the smaller optimal size of LMOs, we reasoned that protection from nucleolytic degradation might become increasingly relevant. Therefore, we tested LMOs with LNA-modified termini. Whereas terminal LNA modifications did not improve the efficacy of a 35-nt LMO (Fig. 1B) , a single 5′ terminal LNA nucleotide added to a 25-nt LMO increased the efficiency twofold (Fig. 4B) . By contrast, a 3′ LNA cap did not enhance the targeting efficiency. The addition of regularly spaced internal LNAs also did not further improve the targeting efficiency. Finally, we tested an LMO carrying a 9-amino-6-chloro-2-methoxy acridine moiety at its 5′ terminus, which may stabilize the annealing of ssODNs to the target site through DNA intercalation (39) . This design was previously found to increase the targeting efficiency up to 65-fold (40) . We found that the addition of a 5′ acridine to the 25-nt single-substitution LMO increased the targeting efficiency approximately threefold, resulting in an efficiency of 0.35% (Fig. 4C) . Further downsizing the 5′ acridine LMO or combining it with a 5′ LNA did not significantly increase the efficiency (Fig. 4D) .
Sequence Analysis of LMO-Targeted mESC Clones. To determine whether LMOs induce inadvertent mutations in the vicinity of the planned substitution in MMR-proficient mESCs, we sequenced the genomic sequence from ±85 bp upstream to ±250 bp downstream of the neo start site of multiple G418-selected clones obtained with LMOs aimed to generate 1-, 2-, and 3-bp substitutions (Fig. S2A ) and 1-and 4-bp insertions (Fig. S2B ). In addition, we determined the sequence of 12 G418-resistant colonies that were generated with a 25-nt LMO containing seven LNA modifications (Fig. S2A ). All 33 analyzed colonies contained the intended substitution or insertion. Moreover, none of the sequences showed additional variations. Thus, LMO targeting in MMR-proficient mESCs was highly precise. 
LNA Modification Allows Base Pair Substitution in MMR-Proficient
E. coli. The principle of ssODN-directed gene modification has also been used to generate mutations in E. coli. A highly effective protocol has been developed that takes advantage of a bacteriophage λ-red-encoded recombination system (12, 13) . However, also in E. coli, the efficiency appeared to be strongly repressed by MMR (14) . To test the applicability of the LMO design in E. coli, we designed two sets of 70-nt LMOs that generate a single base pair substitution in either rpoB or galK. These LMOs contained a single LNA nucleotide at the position of the introduced mismatch. We electroporated these LMOs into published MMR-proficient (mutS+) and MMR-deficient (ΔmutS) recombineering proficient E. coli strains (13, 14) . We aimed to generate mutation D516N (by mutating GAC to AAC) in rpoB, which results in rifampicin resistance (41) . For galK, we aimed to correct the previously introduced Y145 stop codon, thereby enabling bacterial growth on minimal medium with galactose as the sole carbon source (13) . At the rpoB locus, unmodified ssODNs and LMOs performed equally well in MMRdeficient cells, whereas in MMR-proficient cells, only the LMO efficiently introduced the D516N mutation (Fig. 5A) . Also for galK, we found that the LMO outperformed the unmodified ssODN in MMR-proficient cells, even though the LMO was six times less efficient then the unmodified ssODN in the MMRdeficient strain (Fig. 5B ). These results demonstrate that also in E. coli, ssODN-directed gene modification strongly benefits from LNA modification.
LNA Modification of Mismatches Prevents Binding of Bacterial MutS.
To explain why LMOs evade MMR, we tested whether LNA modification of mismatches interferes with mismatch recognition. To this aim, we measured equilibrium binding of purified bacterial MutS to LNA-modified mismatches by fluorescence polarization (FP). FP measurements were performed by using Cy5-labeled DNA containing either a GT or TT mismatch or an A insert. The various unmodified heteroduplexes were bound by MutS with different affinities, whereas MutS binding to homoduplex DNA was weak (Fig. 6 A and B) . Strikingly, we found that a single LNA modification at the mismatch resulted in loss of binding, such that binding curves overlap with the homoduplex binding curve. The MutS binding constants for LNA-modified mismatches were similar to that of homoduplex DNA (Fig. 6B) . In addition, for the DNA containing an A insert with two flanking LNAs, we found a dramatic reduction in MutS binding affinity. In the latter case, some weak affinity seemed to be maintained (Fig. 6B) . This weak affinity is in agreement with the observation that flanking an insert with LNA modifications did not completely evade DNA MMR in the oligo-targeting experiments in mESCs (Fig. 3B) . We find that LNA modification of a single base mismatch prevents MutS binding and thereby prevents initiation of the MMR pathway.
Discussion
The use of ssODNs to generate subtle base-pair modifications has been demonstrated in both prokaryotic and eukaryotic cells. Evidence suggests that ssODNs anneal to their complementary target DNA when it is transiently single-stranded during replication. However, MMR represses the efficiency of ssODN-mediated gene modification, thereby severely limiting its applicability (14, 20, 21) . Different strategies have been reported to overcome the repressive action of MMR, which include permanent MMR disruption, transient knockdown of MMR activity, and the use of base analogs that attenuate recognition of mismatches by MMR (28) (29) (30) (31) . Here we present an ssODN design in which strategically placed LNA modifications allow evasion of MMR and hence effective gene modification in MMR-proficient cells.
LNA modifications have been used before to improve the efficacy of ssODN-directed base substitution (11, 42) . However, LNAs were placed at the termini of ssODNs with the rationale to improve their intracellular stability. Terminally placed LNAs improved the base-pair substitution efficacy of short (25-nt), but not longer (45-nt), ssODNs, and this effect was solely dependent on the presence of a 5′ end LNA (42) . We made a similar observation: The performance of 25-nt, but not 35-nt, ssODNs was improved by a 5′ end, but not 3′ end, LNA. However, we only detected a twofold improvement, whereas Andrieu-Soler et al. (42) achieved 40-to 50-fold increased gene-modification efficiencies. Possibly, in their cell system, ssODNs were more susceptible to 5′ end degradation than in the mESCs we used. The improvement they obtained was certainly not related to an effect efficiency (x10 on DNA MMR because they made use of the MMR-defective cell line HEK293T (43) . Similarly, the efficiency improvement we observed by 5′ acridine modification of LMOs was modest in comparison with observations by others (40) , which may also be related to low susceptibility to 5′ end degradation in mESCs.
We demonstrate here that LNAs should be placed at or at and adjacent to the mismatching nucleotides to render ssODNs equally effective in Msh2 −/− cells and Msh2 +/+ mESCs for the substitution of one, two, and three bases. This finding was extended to λ-redmediated recombineering in E. coli, where LNA modification of ssODNs strongly enhanced the efficiency of single base pair substitutions at two loci in MMR-proficient cells. Additionally, we demonstrated that LNA modification increased the efficiency of ssODNs for the insertion of one or four bases in MMRproficient mESCs.
In our experimental setup, we could only test a limited number of all possible single base substitutions. Nevertheless, as a modified sugar group with an additional 2′-C,4′-C-oxymethylene linker differentiates LNA from DNA, we expect LNA-mediated MMR evasion to rely on a general principle that allows MMR evasion for any single base substitution. Consistently, we found a beneficial effect of LNA modification for different compound base substitutions.
In an in vitro binding assay, we found that LNA modification of mismatches severely perturbed mismatch binding by purified MutS protein. In the present MMR model, the weak interaction of MSH proteins with DNA is stabilized when a mismatch is encountered (44, 45) . This stabilization is accompanied by bending of the DNA and conformational changes in the MSH dimer that, upon exchange of ADP for ATP, lead to the formation of a sliding clamp (44) . The effects of locked nucleotides on backbone flexibility and base stacking may render mismatches in the direct vicinity of LNAs refractory to recognition by MMR proteins. LNA nucleotides are confined to the 3′-endo conformation and induce a shift in sugar puckering toward this conformation of directly neighboring nucleotides, which is most pronounced at the 3′ side (46, 47) . Thus, LNAs near a mismatch may prohibit the bending of the DNA that is required for stabilization of the MutS-DNA interaction.
In conclusion, our results demonstrate that incorporation of LNA nucleotides in ssODNs at mismatching bases prevents MMRmediated suppression of gene modification in mESCs and E. coli. Together with improved oligonucleotide delivery, optimization of the oligonucleotide length, and the addition of a 5′ acridine moiety, LNA modification of ssODNs increased the targeting efficiency in MMRproficient mESCs from <10 −7 to >10 −3
. In the past, we have used oligonucleotide-directed gene modification to target endogenous genes in mESCs. Previously targeted genes include RB1 (48), FANCF (36), MYCN (28), MSH2 (49, 50) , and MSH6 (51). Although successful gene modification in all these cases necessitated transient suppression of MMR, they demonstrate that endogenous genes are accessible to base substitution by single-stranded DNA oligonucleotides. It is most likely that these cases will benefit from LNA modification.
The frequency of oligo targeting remained lower than recently reported frequencies of CRISPR/Cas9-assisted gene editing (2) . Nonetheless, because of its high precision, simplicity, and costeffectiveness, we believe LMO-directed gene modification is an attractive strategy in cases where large numbers of sequence variants need to be evaluated, and their phenotype can be scored by an easily detectable readout. Along this line, we have used oligo targeting to identify pathogenic variants of the key MMR gene MSH2 (55).
Materials and Methods
Oligo Targeting in mESCs. To assess the efficiency of ssODN-directed gene modification, we used two published, stably integrated selectable mutant neo in wild-type (Msh2 +/+ ) and Msh2 −/− mESCs (20) . Details for the oligotargeting protocol are provided in SI Materials and Methods. Briefly, cells were seeded onto six-well plates at a density of 7 × 10 5 and were exposed on the next day to 1.4 mL of complete medium without serum containing 3 μg of ssODNs and 27 μL of Transfast (Promega) for 75 min at 37°C. After the addition of 4 mL of 60% BRL-conditioned medium, cells were incubated overnight. Then, cells were counted and reseeded onto 10-cm plates. Finally, successfully modified clones were selected with 750 μg/mL G418 (Geneticin; Life Technologies). In an optimized protocol (Fig. 4) , transfection was prepared with 7.5 μL of TransIT-siQUEST (Mirus) and 3 μg of ssODN (unless otherwise indicated).
Recombination Assays in E. coli. MMR-proficient strain (mutS+) HME6 is W3310 galK TYR145UAG ΔlacU169 Gal + {λcI857Δcro-bioA}, and MMR-deficient strain (ΔmutS) HME63 is HME6 mutS<>amp and were provided by Donald L. Court, National Cancer Institute at Frederick, Frederick, MD (13, 14) . λ-Red functions were induced at 42°C for 15 min, after which cells were immediately made electrocompetent as described (52) . For GalK correction experiments, we used freshly prepared competent cells, whereas we used competent cells stored at −80°C in 12.5% (vol/vol) glycerol for modification of rpoB. After electroporation with 5 pmol of ssODN, cells were recovered for either 30 min or overnight at 32°C in LB for galK and rpoB modification, respectively. Gal + recombinants were selected on M63 minimal galactose plates with biotin. rpoB D516N mutants were selected on LB agar with 100 μg/mL rifampicin (SigmaAldrich). To determine total viable cell count, cells were also plated on LB agar.
DNA Binding of MutS.
A 5′ Cy5-labeled oligonucleotide of 21 residues was annealed to different complementary oligonucleotides to generate either a GT or TT mismatch or an extrahelical A with and without LNA modifications (see Table S1 for oligonucleotide sequences). FP measurements to determine the DNA binding affinities of purified E. coli MutS protein (53) to various mismatches were performed in 50 μL of buffer containing 25 mM Hepes (pH 7.5), 150 mM KCl, 5 mM MgCl 2 , 0.005% Tween, and 2 or 4 nM fluorescent DNA probe (for, respectively, T:T minus LNA, homoduplex minus LNA, and all other probes). MutS protein was combined with the probe and subsequently serial diluted in black flat-bottom 96-well plates. After 5-min equilibration at room temperature, polarization was measured in a PHERAstar FS machine (BMG Labtech) with a 590/675 (excitation/emission) FP module. GraphPad Prism (GraphPad Software) was used to determine K d app values using nonlinear regression fitting with a model that corrects for depletion of the protein (54) . Materials. All oligonucleotides were supplied by Eurogentec; a complete list is provided in Table S1 . Those used for mESC experiments were delivered saltfree but otherwise unpurified and dissolved in PBS at a concentration of 1 μg/μL. ssODNs for E. coli experiments were purified by reverse-phase chromatography and dissolved in ddH 2 O. Oligonucleotides used for FP experiments were reverse-phase HPLC-purified and were diluted and subsequently annealed in 25 mM Hepes (pH 7.5), 150 mM KCl, and 5 mM EDTA.
The annealed oligonucleotides were purified by using anion exchange chromatography on a Mini Q PC 3.2/3 Precision Column (GE).
